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Abstract

I11-VV NWs stand out due to their exceptional high electron mobility. The ability to grow
in both axial and core-shell configurations in conjunction with band gap tuning as in the 2D
structure make the NWs very attractive for next generation photo-detector, field-effect transistor
(FET) and light emitting diode (LED) applications. In this thesis, room temperature and low
temperature (4K) micro-photoluminescence (u-PL) spectra of GaAs/GaAsSh ensemble NWs of
single core-shell and double-shell configurations grown by molecular beam epitaxy will be
presented. Experimental setup variables, namely detector type, objective lens magnification and
chopper frequency on u-PL of these NWs were carefully examined to arrive at the optimized set
up. Effect of Sb composition on the p-PL spectra was studied. The dominant 4K PL peak varied
from 1.35 eV to 0.99 eV with Sb concentration varying from 3 at.% to 26 at.%. The intensity
dependence of u-PL spectra at 4K enabled the development of band gap alignment in these
structures. With increase in Sb composition type Il hetero-alignment transitioned to type |
alignment. NWs are observed to be curved with increasing Sb composition, which is attributed to
the increased strain. PL system was suitably modified to acquire p-PL spectra from a single NW.
The system was made user friendly by adding a suitable attachment exterior to the optical system
that facilitated motion of the laser in the nm range. u-PL spectra of single NW replicated very
well the respective NW ensemble, indicative of good compositional homogeneity of the NWs
constituting the ensemble. Thus these NWs are very promising for near infrared optoelectronic

device applications.



CHAPTER 1
Introduction

Miniaturization in modern semiconductor device components has brought us to ask the
question- how small one can go and already there is a search for a next generation of components
that will replace the traditional CMOS technology which is believed to have already crossed its
peak of miniaturization on the economies of scale. [1] An overwhelming interest has been put
during recent years on the research of semiconductor nanowires (NW) because it can be
assembled without the need for complex and costly fabrication facilities and it has come a long
way in the past two decades. [2] This novel one dimensional structure of semiconductor NWs are
revolutionizing the optoelectronic materials world with their extreme flexibility in bandgap
engineering through a wide selection of materials design architecture. [3] [4] [5]. They can
efficiently transport charge (electrons and holes) and because of that they could function as
building blocks for nanoscale electronics. The confinement in two dimension leads to unique
density of electronic states profile resulting in with significantly different optical properties in
comparison to the bulk material. In particular, the 111-V NWs stand out with their exceptionally
high electron mobility and possibility of low lasing threshold. [6] [7]. The ability to grow in both
radial and axial configured structure in numerous compositions along with a wide choice of
substrates enable efficient alloy bandgap engineering which made them potential candidate for
variety of next generation device applications such as next generation photodetectors [8] [9] [10]
[11], field-effect transistors (FETS) [12] [13] [14], and light emitting diodes (LEDs) [15] [16].
Especially enormous interest has been put in telecommunications in recent years where these
NWs are sought to meet the ongoing demand of improvement in near infra-red (NIR) detection

capability of photodetectors.



In contrast to the top down approaches that use traditional lithographic techniques, NWs
are grown in a bottom up approach via direct synthesis on a substrate which ensures rational use
of materials. [17] Molecular Beam Epitaxy (MBE) offers precise control over the non-
equilibrium growths and is widely used for growing epitaxial thin films and NWs through
Vapor-Liquid-Solid (VLS) mechanism, and also includes a wide variety of materials. It is
possible to efficiently grow NWs with different radial and axial structural configurations like
core-shell, axial inserts, or a combination of both. [3] [5] [18] [19]

GaAsSb NW is a group I11-V material that has high electron mobility, and covers very
important telecommunication wavelengths 1.3 pm and 1.55 pm in NIR region. It is a ternary
alloy of GaAs and GaSh. There are several ternary and quaternary semiconductor materials that
are active in the 1.3 um and 1.55 pm optical window. Two material systems that are extensively
studied for applications in the NIR region are InGaAs and GaAsSh. GaAsSbh has several
advantages over InGaAs. Due to the presence of a single group Il element in GaAsSh (Ga
instead of In and Ga), its electronic structure is less dependent on its alloy configuration. The
electron lifetime in GaAsSb is larger and Auger recombination in GaAsSb is suppressed as
compared to InGaAs. Also, Sb has surfactant nature so that GaAsSb can be used to improve the
structural properties in GaAsSh. Thus, GaAsSb NWs are very promising for near infrared
optoelectronic device applications. Since not much work has been done on optical properties of
GaAsSh, it is important to research more rigorously on this material as the wavelength lies in the
telecom wavelength range.

Photoluminescence is a spectroscopy technique providing information on bandgap,

crystal structure and defects in semiconductor materials. In this thesis, a detailed study on micro-



photoluminescence (u-PL) of self-assisted MBE grown GaAs-GaAsSb core-shell NWs is carried

out at room and low (4K) temperatures, for different laser power intensities.

1.1 Objective. The objectives of this thesis are:

% u-PL setup for ensemble of NWs: Working with a new setup to measure p-PL at low

X/
°

temperature (4K) on ensemble of NWs instead of former practice of measuring
normal PL on bulk NWs.

Transition to single NW u-PL measurement setup: Developing new methodology and
successfully transforming from ensemble of NWs to single NW for p-PL
measurements.

User friendly setup: Making the setup user friendly that will save enormous amount
of time and effort, significantly increasing efficiency in p-PL measurement.
Ascertaining effects of experimental variables: Ascertaining the effects of various
experimental setup variables to arrive at the optimum set up on general p-PL.

Effect of Sb composition: Ascertain the variation in optical properties of core-shell
GaAs-GaAsSh NWs of different Sb composition.

Comparison of double shell over core-shell configuration: To ascertain the effect of

additional GaAs outer shell on the p-PL spectral efficiency.

1.2 Approaches. Following approaches are taken to fulfill the objective of this thesis-

Sample for u-PL: The NWs used in this study are core-shell GaAs-GaAsSb grown by
MBE. The Sb atomic percent (at.%) composition of the shell are varied for band gap
engineering. Some NWs also have an added passivation shell layer of GaAs (double

shell).



e Sample preparation: NW samples are properly cut into smaller pieces for carrying
out pu-PL on ensemble of NWs. For single NWs, they are carefully ultrasonicated in
alcohol solution and dried on Cu grid.

e 1-PL: u-PL spectra are acquired on samples with different compositions .

o The optical system has been developed to make it more user friendly. An
external fixture has been set up for positioning the laser spot on the sample at
the nano range.

o Both the ensemble of NWs and single NW were examined. For single NWs p-
PL measurements, different type of substrates were used to avoid unwanted
peaks in the spectra.

o In selected sample PL was carried out in the entire temperature range of 4K-
300K. Laser power intensity dependent u-PL has been carried out to ascertain
the band alignment of the heterostructure. p-PL is carried out using different
experimental variables to arrive at the optimum set up.

e NW morphology and composition: Scanning electron microscopy (SEM) was carried
out on the samples to examine the morphology and electron dispersive spectrometer
(EDS) attached to SEM was used to ascertain the NW composition.

The thesis consists of 5 Chapters. The following Chapter 2 begins with the background
theory on band energy and review on semiconductor NWs, especially work related to the thesis.
Chapter 3 discusses about the methodology adopted for getting p-PL, the setup and variables,
improvement in the setup, technical difficulties, and etc. Chapter 4 gives the p-PL results as a
function of Sb composition. It also gives the intensity dependence of the PL spectra and how the

band alignment has been determined from the PL data. A comparison of the double shell to



single shell has been made. Consistency of the results between the p-PL of ensemble of NWs and
single NW are shown. Effects of various experimental set up variables on p-PL are also carefully
examined. The final Chapter 5 summarizes the outcome of the thesis and outlines future

direction of research.



CHAPTER 2
Literature Review
The formation of this section begins with background theories and definitions of
semiconductor bandgap energy followed by review on I11-V semiconductor NWs, NW growth
techniques, and optical properties. Then an overview of the research related to the p-PL of GaAs-

GaAs(Sb) core-shell NWs is presented.

2.1 Background Theories

2.1.1 Bandgap in bulk materials

When two atoms come in close proximity to each other, their wave functions overlap and
electrons begin interacting. This interaction results in discrete quantized energy level splitting
into different sets of discrete energy levels, which is consistent with the Pauli Exclusion
Principle that no two electrons can occupy the same electronic state. Each set of discrete energy
levels is called an allowed energy band and the gap in between two such sets is called forbidden
energy band. A qualitative image of the splitting of these discrete energy levels into allowed and
forbidden energy bands in an atom as it approaches another is shown in Fig. 1(a). For bulk
materials, quantum states in the outer shell of atoms participate in the splitting and they are
divided into two major bands, one of which is completely filled with electrons at the absolute
zero temperature i.e. T = 0 K which is called the valence band (VB), while the other is
completely devoid of electrons at T = 0 K which is called the conduction band (CB). The
formation of these energy bands is governed by the electrical characteristics of the crystal. Figure
1(b) shows the band splitting of Si, the atoms of which are covalently bonded. Here the outer 3s
and 3p shell quantum states (eight in total) divide into CB with four vacant quantum states and

VB with four states filled with electrons at T=4K.



CB

6 quantum states
2 electrons

4 quantum states

1
: 0 electrons
1
Elect \ n=3 Elect
1
1
=~
1

3p
3s

2 quantum states
2 electrons

ron ron
4 quantum state:

n=2 energ 4 electrons

energ

y—
VB

o Interatomic distance o Interatomic distance —

(a) (b)
Figure 1. (a) Schematic showing the splitting of three energy states into allowed and forbidden
bands of energies (b) Schematic showing the splitting of the 3s and 3p states of silicon into CB
and VB. [20]

As the temperature goes up or, if the material is illuminated with light of enough energy,
few VB electrons may gain sufficient thermal energy to break through the bond and jump up
from the VB to the CB energy states. This leaves a positive hole in the VB and creates a negative
charge in the CB which is shown in the schematics of Fig. 2(a). The energy of electrons are best
described by the particle momentum, as E = p?/ 2m* where p = 1k, k is the wave number, h is
the Plank’s constant, and m* is the effective mass of the conduction band. E-k band diagram is

shown in Fig. 2(b).
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Figure 2. (a) Schematic showing the generation of positive (hole) and negative (electron) charges
caused by electron jumping from VB to CB with the breaking of a bond. (b) The E versus k

diagram of the CB and VB of a semiconductor at (a) T=0K and (b) T >0 K. [20]



Bandgap is a distinct characteristic which is fundamentally different in metals,
semiconductors and insulators. For metals, the CB and VB are actually partially overlapped so
there is always some electron available at the CB. In contrast, for insulators the bandgap (usually
> 10 eV) is so large that it takes a lot of energy for an electron to jump up form VB to CB. The
bandgap of semiconductors is interesting in the fact that they are not overlapping yet being so
narrow (usually < 4 eV) that excitation of electrons from VB to CB is possible with reasonable
thermal/optical energy, and some charges can be present at room temperature that makes them
conductive like metals at high temperatures and behave like insulator at OK. Figure 3 shows the

bandgap of semiconductors, metals and insulators at 4K.

CB Empty

CB Empty CB

Empty

CB +VB
Overlapped

VB

Insulator Semiconductor Metal
Figure 3. Schematic showing bandgap of insulators, semiconductors and metals at T = 4K. [21]
The energy level (if it exists) that has a 50% chance of being filled at any temperature is
called the Fermi energy level of that material. [22] This definition of Fermi level especially holds
for semiconductor materials. Also, for crystalline materials energy levels can be present in
between the CB and VB when defects are present. It is also possible for the Fermi level to get
pinned at a particular position because the surface/interface that can act as a source or sink of

defects. [23]
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2.1.2 Bandgap in semiconductor materials

Depending on the type of electron transition from VB to CB and vice versa,
semiconductor bandgaps are classified as either direct bandgap, where an electron at the lowest
energy point of CB has the same momentum as that of the highest energy point of VB on the E-k
diagram (refer to Fig. 2(b)) as in GaAs, or indirect bandgap, where the lowest energy point of CB

does not have the same momentum as that of the highest energy point of VB as in Si (Fig. 4).

T>0K T=0K
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Excitation) 1 1
P | AL, St lw |

‘ ) oton !

VB .“ ‘.’ VB %

(a) (b)

Figure 4. Energy band structures of (a) GaAs and (b) Si. [24]

2.1.3 Emission from semiconductors

While emissions from semiconductors at low temperatures are mainly attributed to the
mechanism of creation of excitons for most of the materials, several other recombination
mechanisms (i.e. decay of excitons) may also play role in emission. These two processes of
emission are explained as follows.

2.1.3.1 Excitons

A free electron in the CB of a semiconductor and a free hole in the VB attract each other

by electrostatic Coulomb force and they can be bound in a state of quasiparticle that is
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electrically neutral because they have no net charge. [25] This quasiparticles are called excitons.
Being bound to each other in space, these free electrons and holes are unable to move freely in
solid and their potential energy are both lowered due to the amount of energy required in the
formation of the free exciton that is called exciton binging energy.

Unlike recombination mechanism where a free hole at the top of the VB and a free
electron at the bottom of the CB recombines to emit the same energy photon as that of the
bandgap, excitons emit slightly lower energy photons because of the energy spared as exciton
binging energy. For instance, the exciton binding energy in GaAs is 4.2 meV, which means that
emission energy from a free exciton annihilation would be 4.2 meV lower than the bandgap
energy. [26]

Emission energy from excitons can be further reduced when they become bound to an
ionized or neutral impurity. This gives rise to sub-bandgap radiation that can provide valuable
information about the type of impurity and in turn, about the material quality. For example, lines
from excitons bound at ionized and neutral Zn in GaAs are reported to be found at 31.2+0.4, and
8.0+0.3 meV below bandgap energy. [27]

2.1.3.2 Recombination mechanisms in semiconductor

Recombination mechanisms in a direct bandgap semiconductor can broadly be classified
into two groups, radiative and non-radiative. Radiative recombination occurs when an electron
from the CB recombines with a hole in the VB and emits the excess energy in the form of a
photon. Radiative recombination can be spontaneous, absorption, or stimulated in type. The latter
forms the basis for laser action in which the emitted photon has the same energy and momentum

as the incident photon. [28]
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Figure 5. Different types of recombination process- (a) Free to bound recombination, (b) Donor-

(d)

acceptor pair recombination, (c) Trap-assisted recombination, and (d) Auger recombination

In the radiative recombination where an electron from CB directly recombines with a
hole in VB emits photon with same energy as that of the bandgap energy (Fig. 5 (a)). Free-to-
bound recombination involve the radiative recombination of a free carrier with a carrier which is
bound to an impurity. If the free carrier is a hole in VB, then it can be bound to an acceptor and if
the free carrier is an electron in CB, then it can be bound to a donor. The donor-acceptor pair
emission thereby occurs below the bandgap and depends upon the relative energy difference
between the two impurity-bound pairs at the donor and acceptor level. (Fig. 5 (b)). Trap-assisted
recombination is called Shockley-Read-Hall recombination, and is mostly non-radiative in nature
(Fig. 5 (c)). The last type is the Auger recombination where an electron and a hole recombine in
a band-to-band transition and give off the resulting energy to a third particle e.g. another electron
or hole. It is different from typical band-to-band transition because of the involvement of the
third particle leading to non-radiative recombination and found to be the major cause for

‘efficiency droop’ in LED. (Fig. 5(d)).
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Excitons usually give rise to narrow emission lines. On the other hand the recombination
mechanisms mentioned above in Figs. 5(b) and (c) give rise to broad emission lines and the
emission in Fig. 5(d) gives rise to quenching of the emission. These remarks are very useful in
identifying the recombining species. [29]

2.1.4 Bandgap alignment and transitions in heterostructures

When two different semiconductor materials with two different bandgaps are used to
form a heterostructure, there can be two different types of transitions between them. When the
transition is within the CB and VB of the same material that is called type-I transition and for
electron transfer from the CB of one material to the VB of other is referred to as type-II
transition. . Figure 6 shows the schematic of typical type-1 and type-II transitions between zinc

blende (ZB) GaAs and ZB GaAsSb heterostructures under strained condition.

GaAsSb GaAs GaAsSb

CB of ZB
GaAsSb

K

CB offset
ZB GahAs - 7B GaAsSb
CB of ZB

type ll type Il

VB of ZB
x GaAsSb

VB offset
7B GaAs - 7B GaAsSb

VB of ZB
GaAs

Figure 6. Schematic band diagram for type-I and type-I1 heterostructure configurations.
2.2 Group I11-V Semiconductor NWs
An overview on the growth, characterization and optical properties of GaAs core and

GaAs-GaAsSh core-shell heterostructure NWs are presented in this section.
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2.2.1 Nanowire growth

Nanowires can be grown via various techniques. It can follow either the traditional top
down approach using lithography, or the NWs can be directly grown on the substrate following
bottom up approach which is the most popular practice. [30] So far various bottom up fabrication
methods have been employed to grow group 111-V NWSs, most of which follow vapor-liquid-solid
(VLS) mechanism. Among the most popular growth techniques that use the VLS mechanism are
molecular beam epitaxy (MBE) [4] and metal organic chemical vapor deposition (MOCVD)
[31]. The NWs related to this thesis are grown in molecular beam epitaxy (MBE) which is
widely used, especially in research because of its highest achievable purity and most precise
external controllability.

The VLS mechanism is especially suited for growth of thin layers and one-dimensional
structures such as NWSs. As the name suggests, the growth mechanism involve three distinct
phases- a vapor phase through which the material is transported from source to substrate, a
catalytic liquid phase which acts as a source of nucleation to grow NWs which is usually in
droplet form, and the solid NWs that grow in the axial direction as the core. The catalytic liquid
alloy phase reaches to super-saturation levels by quickly absorbing the vapor, and the material
grows at the solid-liquid interface through formation of seed and subsequent precipitation of the
supersaturated alloy. The growth is called self-assisted, when the liquid droplet itself is one
element from the alloy crystallizing, or it is called catalyst assisted when another neutral element
is used as the catalyst droplet (usually Au). A schematic of the self-assisted one dimensional
growth of GaAs NWs is shown in Fig. 7. Here Ga droplet is used as the self-catalyst. The NWs
can be radially grown as shell which involves some kinetics from thermodynamics. However, the

details of the growth are outside the scope of this thesis and are not explained.
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Figure 7. Self-assisted VVapour-Liquid-Solid Growth of GaAs Nanowires. (a) A thin film of SiOx

is prepared on the substrate. (b) The supplied arsenic initially desorbs, the diffusing Ga atoms
form liquid droplets, which are immobilized by either pre-existing or Ga-etched pinholes in the
SiOx. (¢) Once the droplets have formed, supersaturation of the Ga droplet with As leads to the
crystallization of GaAs at the liquid-solid interface. [32]

2.2.2 Nanowire crystal structure

Core GaAs NWs are reportedly found to have mixture of wurtzite (WZ) and zinc blende
structure but when Sb is incorporated in the structure it becomes all zinc blende (ZB). In
nanoscale hexagonal WZ structure is the stable one in GaAs for thin NWs, but it can revert back
to cubic ZB structure for thicker wires. [4]. NWs that are used for u-PL throughout this thesis
exhibit ZB structure because of the 70-100 nm think GaAs core and presence of Sb in the shell.
2.3 Photoluminescence of GaAs(Sb) Nanowires

With a unique density of electronic states due to two dimensional confinement, NWs
exhibit significantly different optical properties as compared to the bulk material. In particular,
the 111-V NWs stand out with their exceptionally high electron mobility and possibility of low
lasing threshold. The small footprint of the nanowire in conjunction with the ability to grow axial
and radial configured structure enables efficient alloy bandgap engineering.

Photoluminescence is a spectroscopy technique providing information on bandgap,
crystal structure and defects of semiconductor materials. Following presents an overview on the

photoluminescence study of GaAs-GaAs(Sb) core-shell NWs.
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2.3.1 Variation in low temperature (4K) pu-PL of ensemble of GaAs-GaAsSb
heterostructured NWs for different Sb compositions

The effects of GaAsSb inserts and comparison with core-shell NW on the optical
properties of GaAs/GaAsSb heterostructured nanowires are reported. Twins are found along the
sides of the inserts which affected the p-PL. [33] In our group 4K photoluminescence (PL) of
GaAs-GaAsSb NWs of axial configuration exhibited a red shift to 1.2 eV with increasing Sb
incorporation up to 4 at.%. [34]

2.3.2 Intensity dependent p-PL- Type | & type-11 band alignment in
heterostructures

A blue shift in u-PL peak energy with laser power intensity is reported to be
characteristic of type-Il transitions in the material and no shift in pu-PL peak energy with
changing laser power intensity indicated type-I transitions in the material. [33] The blue-shift
originates from separation of charge carriers in a type-Il system that induces electrostatic
potential (repulsive Hartree potential) and thereby causing band bending at the interface with
increased laser intensity. Confinement of the carrier under the influence of band bending elevates
the ground state energy of the electron relative to the flat band case resulting in a blue shift in PL
peak energy. The resulting shift is determined in a competition between these two processes. [35]
Type-I band alignment has been reported to associate with relatively high PL intensity of the
bare-core WZ NWs. Bare core ZB GaAsSb showed type-I band alignment, as ascertained from
intensity dependent p-PL. [36] In another report, incident laser power dependent spectra from the
GaAsSh related PL peak showed type Il band alignment with the upper GaAs barrier containing

thin ZB GaAs segment. [18].



17

2.3.3 Temperature dependent p-PL

The low-temperature emission from GaAs-AlGaAs core shell NWs are found to be
strongly enhanced compared with that observed in bare GaAs nanowires. The temperature-
dependent u-PL peak energy of core-shell nanowires are seen to be different from that observed
in bulk GaAs, and the PL is reported to rapidly quench above 120 K. [37] In another report [38],
the integrated intensity are found to rapidly decrease with increasing temperature, especially
above 80 K for axial GaAsSb and the shift in peak energy could be fitted using the
phenomenological Varshni equation. [39]

aT?

B+T

E,(T) = E,(0)—

where o and B are fitting parameters characteristic of a given material. 3 is approximately close
to Debye temperature in °K, and o is an empirical constant. [39]

2.3.4 Single nanowire p-PL

A process to perform p-PL spectroscopy on single NWs is explained where the NWs
were scrapped off from the substrate and then dispersed onto a patterned Si substrate to an
average density of 0.1 NWum™. [18] Single WZ GaAs nanowires are reported to have free
exciton emission at an energy ~29 meV higher in comparison with the free exciton emission
energy in ZB GaAs. Temperature dependent p-PL showed small red shift with increasing
temperature. [40] Temperature dependent study on a core-shell (Al)GaAs single NW is reported
to deviate from bulk GaAs band gap but suggested presence of non-radiative centers by

guenching at 120K. [37]



18

CHAPTER 3
Methodology
In this chapter descriptions of the equipment that were used to carry on p-PL are given.
The related processes are outlined and explained for pu-PL measurement of ensemble of NWs and
single NWs. An associated work on the development of the optical system to make it more user
friendly are described at the end of this chapter.
3.1 Equipment and Tools

A schematic of the p-PL set up used in this experiment is shown in Fig. 8.

Cryostation head,
Sample holder

Figure 8. Schematic showing the p-PL set up.

Fig. 9 shows the experimental setup for low temperature pu-PL measurement in the optics
lab. A custom made u-PL set up has been installed comprising of low vibration optical cryostat
from Montana Cryostation interfaced with a fiber coupled confocal microscope from Horiba

Jobin Yvon, Inc. It is equipped with a charge coupled device and a color TV camera that enables
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simultaneous viewing of the sample and the laser spot. ‘Synergy’ software is used for data
acquisition for PL measurements. The NW’s are excited using 633nm He-Ne laser with a
maximum power density of 35.0 mW. The laser focused on few (2~4) NWs using Infra-Red
capable objective lens (50X, NA=0.9 Zeiss optics). The PL from the NWs is collected by the
same lens, dispersed by a spectrograph (Horiba iHR 320). The spectra is collected by either Si
photo-detector in the range of 700~1150 nm or InGaAs detector in the range of 800~2950 nm,

which are attached to the two ports of the monochromator. An attached external lock in amplifier

is used to acquire signals from the detector.

Teevenel,

POw g ———

Figure 9. pu-PL setup in the Optics Lab.
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3.1.1 Laser

A 633nm non-polarized He-Ne laser was used as the excitation source for the p-PL
measurement of NWs with a maximum output laser power density of 35.0 mW.

3.1.2 Optical microscope

A fiber coupled confocal microscope from Horiba Jobin Yvon, Inc. was used to
simultaneously focus the laser on the NWs and getting the PL emission. A charge coupled device
and a color TV camera that are attached to it enabled simultaneous viewing of the sample and the
laser spot. Three different objective lens were used namely 10x (non-IR, working distance 10
mm), 50x (non-IR, W.D. 0.5mm) and 50x (IR, W.D. = 5.0mm). The long working distance infra-
red capable 50x lens was the most generally used.

The size of the laser spot was more accurately measured by focusing the laser on the bulk
sample at its maximum intensity for a long period of time (>1 hour) until the NWs get melted.
Then the diameter of the melted region is measured in SEM. For IR-50x lens, the diameter of the
spot is found to be ~7 um. Figure 10 shows a typical laser spot on the sample as seen under the
optical microscope. The small dots in the image show the top of the NWs and the small lines

represent few NWs that are possibly broken due to handling.

Figure 10. Laser spot on the sample.
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3.1.3 Cryostation

The sample was taken to 4K using the cryostation. A cutting edge low vibration optical
cryostat from Montana Cryostation was installed. It is comprised of the sample mounting
chamber, compressor, mechanical pump, and the central unit. It uses helium as the cooling fluid
and can practically reach up to 3.4K with a stability of 2 mK.

3.1.4 Monochromator

Monochromators are used to detect spectral lines and measure their wavelength or
intensity. Once the PL from the NWs is collected by the confocal objective lens of the
microscope, they are dispersed by a monochromator (Our system was installed with Horiba iHR
320 system). This is a high resolution monochromator which uses a diffraction grating at the
input to split light into its component wavelengths. In other words, it works as a high refractive
index prism. The single component wavelength is then allowed to transmit to the detector.

3.1.5 Detector

Two types of detector were used in this research namely- Si detector and InGaAs
detector. Both are single channel detectors that only detect the intensity of one wavelength at a
time. The two detectors are attached to the two ports of the monochromator. The InGaAs which
is cooled with liquid nitrogen has near infra-red (NIR) detection capability while the Si detector
does not. The spectra as dispersed by the spectrometer is collected by either Si photo-detector in
the range of 700~1150 nm or InGaAs detector in the range of 800~2950 nm. An attached
external lock in amplifier is used to get usable signals from the detector.

3.1.6 Lock-in amplifier and chopper

A lock-in amplifier is used to extract usable signals from the detector. It amplifies the

noisy signal obtained from the detector and can reliably separate the signal out of the noise. In
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combination with the lock-in amplifier is an optical chopper. Its frequency that serves as a
reference signal to the lock in amplifier as well as modulates the intensity of the laser beam
which in return also prevents the sample from burning out. In this work SR540 low jitter optical
chopper was used. Two anodized aluminum blades are used having 5/6 slot blade for frequencies

up to 400 Hz, and a 25/30 slot blade for frequencies up to 3.7 kHz.

3.2 Sample Preparation and Experimental Method

3.2.1 NW samples

The NWs typically have a total diameter of 150-250 nm and 2-4 pum in length, with shells
typically having thickness of 50-70 nm. The structure is zinc blende (ZB) and wurtzite (WZ).

3.2.2 p-PL of ensemble of NWs

Bulk samples as grown in MBE are cut into smaller pieces and loaded on the stage of the
cryostation sample holder. The cryostation is then turned on to cool the sample at 4K
temperature or it is done at room temperature. The other equipment namely lock-in amplifier,
monochromator, and etc. are also turned on before doing the p-PL scan. The laser is focused on
the sample using the confocal microscope and the data is taken using Synergy software on the
computer.

3.2.3 p-PL of single NWs

NWs from the bulk sample are taken into methanol solution through ultra-sonication and
then deposited on a substrate to carry on p-PL on a single, isolated NW. The sonication time is
found to vary from sample to sample and is believed to be dependent on various parameters like
NW density, height, diameter, and of course, its adherence capability to the substrate on which it
has been grown. Also, the amount of solvent taken plays a major role in sonication. In general, it

takes 20-90 minutes to get all the NWs in to the solution. It is very important to make the timing
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as precise as possible so that all the nanowires are just taken out of the sample. That is why the
sample was continuously monitored during sonication. Underdoing sonication means less
availability of NWs for doing PL and overdoing sonication causes the NWs in the solution to get
broken. Figure 11 shows different conditions of the NWs after sonication as seen through the 50x

objective lens of the optical microscope that is integrated with the p-PL measurement system.

Figure 11. Optical micrographs of NWs deposited on substrate after sonication. (a) very few
nanowires over SiO- substrate due to underdoing of sonication, (b) large number of broken NWs
and pile ups due to overdoing of sonication, deposited on p-type Si substrate, and (c) single NW

deposited on TEM Cu mesh.
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The ongoing practice is to disperse the NWs on transmission electron microscopy (TEM)
Cu-grid instead of bulk Si substrate or SiO2 substrate because of two reasons- it will give us the
exact information on the characteristic u-PL of a single NW and also TEM can be done on the
same NW. The second reason is to avoid any unwanted peak during u-PL measurement that may
appear from the substrate itself. Figure 12 shows SEM image showing isolated NWs dispersed

on SiO2 substrate and on Cu grid, and the bulk sample substrate after sonication with no NWs.

Figure 12. NW precipitate on (a) SiO> substrate and (b) Cu grid after sonication. (c) p-type

growth substrate after sonication (NWs are not observed).
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3.3 Development of the Optical System Setup

Once the sample is loaded in the cryostation chamber, there is no way the position of the
sample can be changed without opening the window. Therefore there was no way the sample
could be positioned on the stage at 4K which was quite inconvenient. For ensemble of NWs it
could still work since the NWs were available at high, uniform density all over the substrate so
the laser almost always fell on top of the NWs. But since the transition from ensemble of NWs to
single NW, it became extremely inconvenient because the laser might not fall on the NW.
Attaching the nanoscale piezo-positioners to the stage would be an expensive project to take in.
Therefore, an external mechanical setup was installed that enabled the entire optical microscope
set-up to position itself at the nanoscale so as to focus the laser on the exact NW, instead of
moving the sample on the stage. This simple attachment greatly enhanced flexibility in operating
the system and enabled p-PL measurement on single NW very efficiently. Figure 13 shows the

sample inside the cryostation chamber, and the external attachment that has been developed.

Figure 13. (a) Sample placed inside the optical cryostation chamber. (b) Confocal microscope

with the external mechanical nano-positioner.
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CHAPTER 4
Results
Introduction
Rigorous p-PL experimentation have been carried out on different types of GaAsSb(N)

samples under different experimental set up and conditions. The main variables are-

Material (Composition of the material itself, structure of the material)
— Sample type (Bulk, single or ensemble of NWs)
— Laser power intensity (For intensity dependent p-PL)
— Temperature (Room temperature low temperature, or temperature dependence)
— Detector type (Si detector or InGaAs detector)
— Objective lens (Resolution, IR or non-IR)

Other variables include scan speed, number of scans, chopper frequency, lock-in
amplifier sensitivity etc. Unless otherwise stated, the incremental scan speed and chopper
frequency were kept invariant at 0.1s and 54 RPM, respectively for almost all the samples.
Numerous samples were examined among which only the very important or representative ones
are going to be presented in the following section. First the results on low temperature (4K) p-PL
of core-shell GaAs-GaAsSb samples of different Sb compositions are presented followed by
intensity dependent u-PL and temperature dependent u-PL on selective few samples. Then the
differences in p-PL spectra observed for the core-shell versus double shell (i.e. core-shell with
passivation layer) GaAs-GaAsSb NWs are presented SEM images are taken for all of the
samples that show the details about the NWs morphology but they are not explained here in
detail since that is not the focus of this thesis. Also, results on u-PL with different experimental

set ups and variables are briefly presented towards the end of this chapter.
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4.1 Variation in Low Temperature (4K) pu-PL of Ensemble of GaAs-GaAsSb Core-Shell
Nanowires for Different Sb Compositions

Figure 14 shows the normalized p-PL spectra of core-shell nanowires at 4K for different
Sb compositions. All these data are obtained using the InGaAs detector with the IR-50x
objective lens. The PL spectra of the GaAsSb nanowires are characterized by two major sets of
bands, one at a higher energy (1.37 eV — 0.93 eV) and the other almost half this energy (0.67-
0.48 eV). It is to be noted that with increasing Sb composition from 1 at.% to 26 at.%, the
number of peaks that can be resolved, particularly in the higher energy spectral band increases,

along with red shift and peak broadening.
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Figure 14. Normalized low temperature (4K) u-PL of ensemble of GaAs-GaAsSbh core-shell

nanowires for different Sb compositions.
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Figure 15 shows the possible breakdown of peaks for every sample. Total of six peaks are
Gaussian fitted for each of the samples having Sbh-1 at.%, Sb-3 at.%, and Sbh-5 at.%, each having
three peaks in the lower energy set (0.67 - 0.48 eV), and three in the higher energy set (1.37 eV —
0.93 eV). On the other hand total of eight peaks are fitted for each of the samples having Sh-15
at.% and Sbh-26.5 at.% each, with three in the higher energy set (1.37 eV — 0.93 eV), three in the

lower energy set (0.67 - 0.48 eV) and two in the mid-range (0.75 eV — 0.84 eV).
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Figure 15. Multi-peak fit for u-PL of GaAs-GaAsSb core-shell NW with (a) Sh-1 at.%, (b) Sb-3

at.% (c) Sb-5 at.% (d) Sb-15 at.%, and (e) Sb-26.5 at.% compositions.
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Shifts in individual peaks are shown in Fig. 16.
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Figure 16. Gaussian fit of (a) Peak 1, (b) Peak 2, (c) Peak 3, (d) Peak 4, (e) Peak 5, (f) Peak 6,
(9) Peak 7, and (h) Peak 8 for u-PL of GaAs-GaAsSb core-shell NWs with different Sh

compositions. Insets show the normalized form of the fitted peaks.
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The results from the Gaussian peak fits from Fig. 16 are summarized in Table 4.1 below.
The shifts in each peak position with changing Sb composition from 1 at.% to 26.5 at.% are

shown in Fig. 17.

Table 1

Change in core-shell GaAs-GaAsSh peak with Sb at.% composition

Change in peak position with | Change in peak FWHM from Sb-1
Sb composition varying from | at.% to 26.5 at.% composition (Sb-
Sb-1 at.% to 26.5 at.% 15 at.% to Sb-26.5 at.% for
composition peak-7 and peak-8)
Peak range
Peak (Sb-15 at.% to Sh-26.5 at.%
(eV)
for
peak-7 and peak-8)
Change Nature of Average size
Nature of change
(meV) change (meV)
59.042 Broadened
1 0.660 — 0.476 184 red-shifted
Or, Irregular
2 0.677 - 0.512 165 red-shifted 58.536 Broadened
61.42 Broadened
3 0.677—-0.541 136 red-shifted
Or, Irregular
231.862 Broadened
4 1.348 - 0.996 352 Red-shifted
Or, Irregular
5 1.347 - 0.999 348 red-shifted 125.068 Broadened
6 1.280 - 1.102 178 red-shifted 126.244 Broadened
7 0.758 - 0.771 13 blue-shifted 50.775 Broadened
8 0.849 - 0.850 1 blue-shifted 56.9 Broadened
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Figure 17. Shift in u-PL peaks in core-shell GaAs-GaAsSb NWs with increasing Sb at.%
composition.

The change in bandgap with Sb composition is mostly accommodated by the change in
VB offset in this heterostructure which is more pronounced than in CB offset. The Type-I/Type-
Il nature of transitions were deduced from the peak-shift in excitation power dependent 4K u-PL
spectra as discussed in the following section 4.2. A band gap alignment is proposed for these
samples based on these data which is shown in the schematic of Fig. 18. Most of the u-PL
transitions observed here are ascribed to the presence of two defect levels namely- the Vs defect
level which is located at 0.14 eV below the CB [41], and an EL2 midgap donor level [42] or a
surface defect level [43] the assignment of which (L) is uncertain. The position of the reported
EL2 level is determined from u-PL and is found to vary from 0.51 eV to 0.68 eV but the
presence of this level at low temperature is still under debate [44] [45]. The surface defect level,
which is expected to pin the Fermi level (Er) below the CB of GaAs1.xShy, is reported to vary as
a function of Sb composition in the relation of E=0.70-0.192x [43]. The calculated range of Er
for Sb-1 at.% to Sb-26.5 at.% according to this expression is found to be 0.70-0.65 eV, which
appears to be slightly higher than the values obtained from the experimental investigation on p-
PL in this thesis. The characteristic of this level is not quite clear yet, but it is always found to be

near the middle of Type-II transition.
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Figure 18. Shift in PL peaks in core-shell GaAs-GaAsSb NWs with increasing Sb at.%

composition.
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SEM images show high and uniform density of NWs over the samples with over 99%
vertical alignment. Densities lie in the order of 5 x 108 cm™ and NWs are typically 160-270 nm
in diameter and 3-5 um in length. Figure 19 shows typical NWs on the bulk, both core and core-

shell NWs. Figure 20 shows the shape and morphology of single NWs as it changes with Sb at.%

composition which depicts the enhanced strain associated with increased Sb incorporation.

|

>

Figure 19. (a) Core GaAs nanowires and (b) core-shell GaAs/GaAsSb nanowires. The insets

show the respective side views of the NWs.

Figure 20. SEM images of single GaAs/GaAsSh core-shell nanowires for different Sb at.%.
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4.2 Intensity Dependent p-PL of Ensemble of GaAs/GaAsSb Nanowires

Intensity dependent u-PL of ensemble of NWs were carried out on various type of
samples, both at room temperature and low temperature and using both detectors (Si and
InGaAs). But only a representative sample is presented here in detail.

Figure 21 illustrates the low temperature intensity dependent (4K) u-PL of GaAs-
GaAsSb core-shell NW with Sb-5 at.% composition. The data was obtained using InGaAs

detector and 50x-IR objective lens.

Intensity (arb. unit)

Energy (eV)

Figure 21. Low temperature (4K) intensity dependent u-PL of GaAs-GaAsSh core-shell NW
with Sb-5 at.% composition.

To understand the direction of shift in the peaks with increasing laser power, each curve
is multi-peak (six peaks in each) fitted using Gauss method as before and shown in Fig. 22. The

fitted multi-peaks for the first five curves with high laser intensities (3.8 — 60 kW/cm?) have less
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than 2% standard error while the p-PL curves for the low laser intensities (0.48 — 1.9 kW/cm?)

are not fitted because they incorporate much noise that is associated with more than the

acceptable standard error.
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Figure 22. Multi-peak fit of low temperature (4K) intensity dependent pu-PL of GaAs-GaAsSh

core-shell NW for different laser power intensities- (a) 63P, (b) 32P, (c) 16P, (d) 9P, and (e) 3P.
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The change in peak position for each peak are shown in Fig. 23. Some peaks showed blue
shifts while others showed red shifts. The origin and significance of these shifts are explained in

the literature review (refer to section 2.3.2). [35]
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Figure 23. Change in peak position with multi-peak fit of low temperature (4K) intensity
dependent p-PL of GaAs-GaAsSh core-shell NW for different laser power intensities. The
energy in horizontal axes are in log(2) scale.

To understand the nature of the two additional peaks that show up in the mid-energy
range (0.75 eV — 0.87 eV, refer to Fig. 14 for Sb-15 at.% and Sb-26.5 at.%) in core-shell GaAs-
GaAsSh samples with higher Sb composition, intensity dependent 4K u-PL of GaAs-GaAsSh
core-shell NW with Sh-12 at.% composition is shown in Fig. 24. Details of the curve fitting are
not shown in here. Note the additional peak for this sample at around 1.33 eV which is believed

to be due to defects and going to be explained later in the chapter.



37

: fﬂ
o2 W Y\ — 63P
p
67 My — 16P

06 08 10 12 14
Energy (eV)

Intensity (arb. unit)
s
1

0.855 eV

11 o7s0ev

T T r T -
0.8 1.0 1.2 1.4
Energy (eV)

Figure 24. Low temperature (4K) intensity dependent u-PL of GaAs-GaAsSb core-shell NW
with Sh-12 at.% composition.

Instead of fitting several peaks, the intensity dependent p-PL spectra of GaAs-GaAsSh
core-shell NW with 3 at.% composition were curve fitted using two Gaussian peaks for both the
high energy and low energy spectral bands. The fitting is not shown but the resulting peak

energies from the best curve fit are indicated in Fig. 25.
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Figure 25. Low temperature (4K) intensity dependent u-PL of GaAs-GaAsSb core-shell NW

with Sh-3 at.% composition.
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4.3 Temperature Dependent p-PL of Ensemble of GaAs/GaAsSb Nanowires

Temperature dependent u-PL of ensemble of NWs are carried out on various type of
samples, ranging from low temperature (4K) to room temperature (293K) and using both
detectors (Si and InGaAs). A representative sample is presented here in detail. Temperature
dependent u-PL spectra is shown in Fig. 26 for GaAs NWs with GaAsSb insert of Sb-5 at.%
composition. It was taken using the Si detector with the 10x non-IR objective lens. The NW
emission in this case is characterized by redshifts of ~315 meV with increasing temperature from
4K to room temperature and is also coupled with peak broadening. Fitting of these data are done
using the phenomenological Varshni equation which shows the consistency of the results with

the previous data [38] that is also presented here.
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Figure 26. Intensity dependent u-PL of GaAs NW with GaAsSb insert of Sh-5 at.% composition
(2014 data). Inset shows change in bandgap energy of the first peak around 1.35 eV with

temperature and Varshni fit, superimposed with previous data [38].
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The Varshni expression for the temperature dependence of semiconductor band gaps is given by-
2

B+T

E,(T) = E,(0) —

where o and 3 are fitting parameters characteristic of a given material. B is approximately the
Debye temperature in °K, and o is an empirical constant. [39]

Table 2 shows the fit parameters for temperature dependence of semiconductor band gaps for the
NWs as compared to bulk GaAs.
Table 2

Fit parameters for temperature dependence of semiconductor band gaps

a
Temperature Eq(0) B
Material (x10™ eV/K) Ref.
range (K) eV (K)
Bulk GaAs 0-300 1.522 5.8 300 [46]
NW GaAsSb (2012) 0-300 1.3252 2 165.4 [38]
NW GaAsSbh (2014) 0-300 1.3555 2 169.3 [38]

The low values of o and B in NWs in comparison to GaAs bulk values are indicative of less

temperature dependency of PL peak energy, a desirable feature for optoelectronic devices.
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4.4 Comparison of pu-PL Between Core-shell GaAs/GaAsSb and Core-shell With
Passivation Layer GaAs/GaAsSb/GaAs Nanowires

A significant improvement in u-PL intensity has been found in a GaAs-GaAsSbh core-
shell NW configuration with GaAs passivation layer over the shell (i.e. a double shell) than in
bare core-shell NWs. Figure 27 shows the difference between low and room temperature p-PL
peak intensity of core-shell (Sb-3 at.%) and double shell (Sb-4.7 at.%) NWSs. The major peak
(~1.2 eV) of the double-shell sample at 4K is found to be 12-fold higher than that of the core-

shell sample at 4K while the increase is about 5 fold at the room temperature, a great

improvement in the signal.
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Figure 27. Intensity dependent p-PL of GaAs-GaAsSb core-shell NW with Sb-3 at.%
composition and GaAs-GaAsSh-GaAsSbh double-shell NW with Sb-4.7 at.% composition in its

GaAsSb shell. Inset shows the multifold increase in p-PL signal between the two both at room

temperature and 4K.
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4.5 p-PL of GaAs-GaAsSb(N) Nanowires

An outstanding result in u-PL of the novel GaAs-GaAsSb(N) double shell NWs shows
very small difference between room temperature and low temperature. In general the regular
GaAs-GaAsSh core-shell NWs usually do not show any noticeable peak at the room temperature,
or even if they do it is of very low intensity. But these nitride samples show defined peaks at
even room temperature and they are closely comparable to their 4K u-PL. Figure 28 shows the
room temperature and low temperature p-PL of core-shell GaAs-GaAsSb(N) samples in as
grown. Despite the fact that nitride samples had low overall intensity, it showed only 2-5 fold
increase from room temperature to 4K as compared to > 5 fold increase which is normally found
in core-shell GaAs-GaAsSb NWs. Red-shift at higher temperature is observed while peak
broadening is reduced as compared to non-nitride samples. These are just very preliminary

results and shows great promise for NIR applications.
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Figure 28. pu-PL of as-grown GaAs-GaAsSb(N) core-shell NW at room temperature and 4K.

Inset shows the redshift and almost identical FWHM on normalized plot of the two curves.
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4.6 p-PL of Single NWs

u-PL from single NWs are found to show very similar results to their bulk or ensembled
form and they are quite consistent. They are found to show less burning effect.

Figure 29 shows the low temperature (4K) p-PL of ensemble of NWs on the bulk
substrate and p-PL of three different single NWs from the core-shell GaAs-GaAsSb sample with
Sb-26.5 at.% composition. Four peaks are found at exactly the same emission energy of 0.78,
0.85, 0.95 and 1.01 eV which show good compositional homogeneity of the NWs in the
ensemble. Also noticeable that in this case, the single NWs have higher u-PL signal intensity

than that of the ensemble of NWs, though the validity of this for all single NWs has not yet been

proven.
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Figure 29. Low temperature (4K) u-PL of single and ensemble of GaAs-GaAsSb core-shell

NWs with Sb-26.5 at.% composition. Inset shows the normalized curves.
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Single core-shell GaAs-GaAsSb(N) NWs show identical behavior as ensemble ones at
both room temperature and 4K which is depicted in Fig. 30. We get room temperature u-PL as
before and the intensity is comparable to 4K. Both single and ensemble of NWs show about two-
fold increase in emission intensity at low temperature than at 4K which is quite good. But it is

noticeable that the overall signal intensity is decreased about 5 fold for the single NW.
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Figure 30. Room temperature and 4K u-PL of single GaAs-GaAsSb(N) core-shell NW. Inset
shows the result for ensemble of NWs for the same sample.

Due to the normally low intensity observed in single NWs, it becomes challenging to
carry out intensity dependent or temperature dependent PL on them as compared to ensemble of

NWs.
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4.7 Effect of Experimental Variables on p-PL

This section explains some experimental setup variables on u-PL of NWs. This include
the detector type and objective lens, chopper frequency, integration time and number of scans,
focus position, effect of doing SEM before doing p-PL, and others.

4.7.1 Detector type and objective lens

Two types of detector have been used- Si detector and InGaAs detector. The difference in
the u-PL obtained from using these two detectors are very distinctive.

4.7.1.1 Detection range. While Si detector is unable to detect in the IR region of the
spectrum so unusable below 1.00 eV, InGaAs has a very wide range and it can detect signals
from lower IR region up to 1.7 eV so it has been the best choice for us. The signal strength is
also a lot higher with InGaAs than that of Si detector. Figure 31 shows typical p-PL obtained
using the two detectors. Note the shift in peak position which is basically due to the lower

sensitivity of the Si detector towards lower energy region (<1.15 eV).

s o =
o @ o

N
1
Intensity (a.u.)
s o
5w

0.5 1.0 1.5
Energy (gV)

InGaAs detector, 4K
— Si detector, 4K

Intensity (a.u.)
[
1

v T v T v T T T T T
0.4 0.6 0.8 1.0 1.2 14 1.6

Energy (eV)
Figure 31. Low temperature (4K) p-PL of ensemble of GaAs-GaAsSbh-GaAs double-shell NWs

with Sb-7~10 at.% composition. Inset shows the normalized curves.
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4.7.1.2 Objective lens. A special type of objective lens is used for InGaAs detector that is
transparent to IR emission (IR-50x). With Si detector normally a non-IR 10x/50x/100x objective
lens is used. Using higher magnification gives much better u-PL but at the same time it decreases
the spot size concentrating the laser and making the power so high that the NWs begin to burn
out which is going to be discussed later in this section. For this, usually the 50x objective lens is
used which gives the best result. Using 10x gives lower signal intensity while using 100x either
burns the NWs or the spot size is too small to cover the NWs, thus deteriorating the p-PL signal.
Figure 32 shows the difference in u-PL obtained by using 10x and 50x objective lens with Si

detector, and the difference in u-PL obtained by using a test 20x-IR and regular 50x-IR objective

lens.
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Figure 32. (a) Low temperature (4K) pu-PL of ensemble of GaAs-GaAsSh core-shell NWs, and
(b) Room temperature p-PL of ensemble of GaAs-GaAsSb(N) core-shell NWs.

4.7.1.3 Detector noise level. For the same lock in amplifier sensitivity, u-PL obtained
from Si detector incorporates comparatively lower noise than obtained from InGaAs detector and

they also have less noise associated with as compared to the InGaAs detector which may make it
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still useful sometimes. Figure 33 shows p-PL of two different types of NW ensembles, scanned
at 4K with Si detector and InGaAs detector separately but they have similar peak intensity and
same sensitivity of 0.5 mV was used in the lock in amplifier. The level of noise with the InGaAs
detector is found to be much higher than that of Si detector. Note that same sample is not used
here because the overall signal intensity is normally much higher with InGaAs detector than with
Si detector which appears to make up for the noise, thereby making the InGaAs detector still a
better choice over Si detector. The level of noise can be attributed to many different sources e.g.
thermal noise (due to carriers in constant thermal motion, macroscopic fluctuations in electrical
state of system etc.), shot noise (due to random fluctuations in DC current flow), and 1/f noise

(commonly associated with interface states in MOS electronics) etc. [46]
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Figure 33. Low temperature (4K) p-PL of two different NW ensembles that have similar peak
intensity. Two different detector is used but the same lock in sensitivity of 0.5 mV.

4.7.2 Chopper frequency

Two different choppers were used to test the effect of chopper frequency on the u-PL of
NWs. The choppers have 6 windows and 25 windows, respectively. In terms of getting the pu-PL
signal, no significant difference is found between the two of them at different speeds. However,

based on the slightest difference in noise level observed, 55-75 Hz with the 25 windows chopper
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are found to give the optimum result. Figure 34 shows the u-PL of core-shell GaAs-GaAsSh(N)
NW ensemble at room temperature for different chopper frequencies and a comparison between
the two. The intensity are about the same for all but the level of noise are found to increase with

decreasing chopper frequency, especially below 20 Hz (white noise).
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Figure 34. Room temperature p-PL of ensemble of GaAs-GaAsSb(N) core-shell NWs for (a)
different speed of chopper (b) different set of chopper.

4.7.3 Integration time and number of scans

Increasing the number of scans and taking the average instead of increasing the
incremental scan time (delay at every point of scan) is found to be more effective in reducing the
noise of u-PL which is shown by the two scans in Fig. 35. This has been done on GaAs-GaAsSh

core-shell ensemble of NWs at 4K. Si detector and 10x objective lens were used.
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Figure 35. Effect of integration time and average number of scans on u-PL of NW.
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4.7.4 Focusing position

Proper focusing is of extreme importance to get true and good quality p-PL. Bad focusing
may result in extremely low intensity of u-PL or it may even render false data output. The NWSs
very often have compositional gradient along their length and sometimes depending on where
the actual focus is determines the shape of the u-PL peaks as well. This is illustrated in Fig. 36.
Two dominant peaks are found on GaAs-GaAsSb-GaAs double-shell Sb-12 at.% NWs which
appear to change in height as the focusing is done on vertical NWs from top to bottom. The scan

was carried out at 4K and Si detector and 10x objective lens were used.

0.3 T T T T T T

0.2 4

©
-
1

Intensity (a.u.)

Energy (eV)

Intensity (a.u.)
o
(=]
1

©
—_
|

Focused at NW top
Focused at NW middle ]
Focused at NW bottom

T T r r T
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Energy (eV)
Figure 36. Shape of u-PL for different focusing position.
4.7.5 Effect of doing SEM before doing p-PL
Conducting SEM on the NWs before carrying out u-PL has found to have detrimental
effect on the optical properties of the NWSs. The degradation in p-PL is attributed to defects

induced by electron bombardment which causes low energy irradiation damage in the material.

[47] Usually once SEM is done with excitation voltage of > 0.8 kV, the NWs give either very
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poor u-PL peak or no peak at all (which is found to be most common), both at room temperature
and low temperature. Therefore SEM normally is not carried out on the NWs that p-PL has to be

done on and the data is not shown here.

4.8 Special Phenomena and Challenges

This section explains two critical problems that have been frequently encountered. They
are- the NW burning phenomena while focusing laser, and the laser peak that sometimes shows
up in u-PL. The former causes to lower the signal intensity in orders of magnitude, while the
latter gives a spurious PL signal.

4.8.1 NW melting phenomena

4.8.1.1 Burning of ensemble of NWs

Figure 37 shows the SEM images of ensemble of NWs melting on the bulk substrate in

various degree.

melted NWs; and (c) a single NW melting from the top.
From the look at Fig. 37 it can be seen that the NWs are rather melted like a candle than

actually burnt but we still keep using the term ‘burning’. It has been verified by EDS analysis
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that the substrate at the bottom of these burnt NWs have the same composition as that of NWs
revealing the fact that they really are getting melted and spreading over the surface and there is
no change in NW composition. Further it has been also found that the core-shell and the double
shell NWs still retain their characteristic peak on u-PL, although with much lower intensity. This
means that the remaining portion of the NWs are still capable of emission. The NWs are found to
burn/melt at much faster rate at 4K under vacuum than at room temperature.

As the laser is focused on the NWs, when the NWs start melting, the signal intensity is

decreased in each scan which is depicted in Fig. 38.
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Figure 38. A series of stacked u-PL scans of ensemble of GaAs-GaAsSb core-shell NWs with
Sb-3 at.% composition. Si detector and 50x non-IR lens was used.
The burning phenomena can be suppressed in two ways- either by decreasing the laser

intensity, or by increasing the scan speed. Decreasing of the laser intensity can be done either by
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changing the lens to the one with lower magnification so that the spot size gets bigger, or by
placing a neutral density filter on the path of the laser. Increasing the scan speed can also be done
in two ways- either by changing the incremental step delay time, or by increasing the point scan
interval energy values. However, both have their own pros and cons. For example, decreasing
laser intensity sometimes renders lower emission from the material, very often low enough to
make it almost undetectable. On the other hand, there is a limit we can reach in terms of scan
speed due to hardware which can still be sufficient to burn the NWs out. And of course,

increasing the incremental energy value will give us less detail on p-PL.

4.8.1.2 Burning of single NWs

Single NWs are found to burn as well, when exposed to the laser for long enough time.
But the pattern can be somewhat different than ensemble of NWs. It may either bulge in the
corners, form globules, or melt along the edge and spread over the resting surface. When Cu grid
is used the conductivity may be sufficient enough to prevent excessive melting. Figure 39 shows

the SEM images of some single NWs on Cu grid after u-PL was done on them.

Figure 39. SEM images showing different modes of NWs burning after being exposed to high
intensity laser for u-PL (a) burning; (b) welding to the resting surface; and (c) spreading melt

along edges.
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Similar to ensemble of NWs, when the laser is focused on a single NWs for u-PL, the

signal intensity is decreased in each scan which is depicted in Fig. 40.
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Figure 40. A series of stacked u-PL scans of a single GaAs-GaAsSh-GaAs double-shell NW at
4K. InGaAs detector and 50x-IR lens was used.

4.8.2 Laser peak

Another phenomena that is frequently encountered while doing u-PL, especially at 4K, is
the appearance of laser peaks on the spectrum. This comes from the grating system of the
monochromator.

Figure 41 (a) shows 4K p-PL of ensemble of GaAs-GaAsSb(N) core-shell NWs at two
different positions. One is associated with the prominent laser peaks at 0.674 eV and 1.348 eV
where these two peaks are found to be totally absent in the second one. Similar results found for

the two NWs in Fig. 41 (b).
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Figure 41. 4K u-PL of (a) Ensemble of GaAs-GaAsSb(N) core-shell NWs at two different
positions. Inset shows the normalized plot of the two spectra. (b) Two different single GaAs-
GaAsSb core-shell NWs. Inset shows the normalized plot of the two spectra. InGaAs detector
and 50x-IR lens is used for both.
Some useful findings about laser peaks are that they show very small/negligible blue/red

shifts with changing laser power intensity (Fig. 42), unlike the NW peaks their intensity do not

change over time due to burning (Fig. 43) and they rapidly quenches over 100K (Fig. 44).
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Figure 42. Intensity dependent 4K u-PL of ensemble of GaAs-GaAsSh core-shell NWs with

dominant laser peaks. Inset shows the normalized plot of the spectra at lowest laser intensity.
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Figure 43. Stacked scans of 4K pu-PL of a single GaAs-GaAsSb core-shell Sb-3.6 at.%
composition NW with predominant laser peaks.

1.348 eV
0.674 eV

Intensity (a.u.)

Energy (eV)
Figure 44. Temperature dependent p-PL of ensemble of GaAs-GaAsSb core-shell Sb-26.5 at.%
NWs with predominant laser peaks.

In this chapter detailed work on u-PL that have been carried out on different types of
GaAsSb(N) samples under different experimental set up and conditions, namely composition and
structure of the material, sample type, laser power intensity, temperature, detector type, objective
lens, scan speed, number of scans, chopper frequency, and lock-in amplifier sensitivity had been

presented. The results are summarized in the next chapter.
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CHAPTER 5
Summary and Future Research

In this thesis, room temperature and low temperature (4K) micro-photoluminescence (u-
PL) spectra of GaAs/GaAsSh ensemble NWs of single core-shell and double-shell configurations
grown by molecular beam epitaxy are presented. SEM images were taken and the NWs are
observed to be curved with increasing Sb composition, which is attributed to the increased strain.

Effect of Sb composition on the u-PL spectra was carefully studied. Several multi-peaks
were fitted for each spectra and the dominant 4K PL peak varied from 1.35 eV to 0.99 eV with
Sb concentration varying from 3 at.% to 26 at.%. A band gap alignment in these structures was
proposed with the help of intensity dependence of u-PL spectra at 4K. Shifts in u-PL spectra
verified Type-II transition. With increase in Sb composition type 1l hetero-alignment transitioned
to type | alignment. The peaks in the u-PL spectra were attributed to two defect levels in the
material. Temperature dependent u-PL spectra were plotted using the Varshni fit which are
consistent with the previous data and less temperature dependency of the PL peak energy,
desirable feature for optoelectronic device applications.

Experimental setup variables, namely detector type, objective lens magnification,
chopper frequency and others on u-PL of these NWs were also carefully examined to arrive at
the optimized set up. InGaAs detector showed superiority over Si detector in all cases. The IR-
50x lens was found to render the best u-PL spectra. Chopper frequency did not show any effect
on the overall u-PL intensity but ~50Hz was found to be optimum for noise reduction. Double-
shell NWs showed much higher p-PL intensity that showed its promise for using at room
temperature device applications. Focusing position of the laser on the ensemble of NWSs changed

the shape of the u-PL spectra but the peak positions did not change. PL system was suitably
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modified to acquire p-PL spectra from ensemble of NWs to a single NW. The system was made
user friendly by adding a suitable attachment exterior to the optical system that facilitated motion
of the laser in the nm range. u-PL spectra of single NW replicated very well the respective NW
ensemble, indicative of good compositional homogeneity of the NWs constituting the ensemble.
The NWs were found to melt when exposed to high intensity laser for long time that affected the
intensity of the p-PL spectra in each successive scans.

Most of the variables of PL setup were optimized for acquiring u-PL on both ensemble of
NWs and single NW. However, the effect of polarized excitation source has not been examined.
This can be done using a polarizer filter on the laser beam. The best laser power intensity has yet
to be determined to prevent NW melting upon exposure to laser for long time. The single NW
sample preparation technique was developed but not standardized, therefore initiative can be
taken to find the optimum time and temperature for ultra-sonication to get single NWs. QOutside
the boundary of p-PL, the single NWs can be used to fabricate real life device and electrical
measurements can be carried out to find the carrier concentration and other important opto-
electronic properties. The initial u-PL results on nitride samples showed enormous potential of
this material for using in high temperature photodetector applications. Further research on this

material is highly suggested for near infrared optoelectronic device applications.
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